Background: Adiposis dolorosa (AD) is a syndrome of obese and non-obese individuals whose hallmark is lipomatosis: unencapsulated painful fatty masses in subcutaneous fat. Lipomatosis may contain excess collagen and multi-nucleated giant (MNG) cells. Case reports suggest metabolic defects in AD. Objectives: (1) To determine whether women with AD have altered relative resting energy expenditure (REE per total body mass) compared with controls; and (2) to quantitate lipomatosis-associated collagen, MNGs and tissue and blood cytokines that may influence REE. Methods: A total of 10 women with AD were compared with age, body mass index, fat and weight-matched control women. Adipose tissue was obtained from five women with AD and five controls and evaluated for collagen and macrophages/MNGs. Fat mass and fat-free mass were identified by dual X-ray absorptiometry. REE was by determined indirect calorimetry and related to mass. Adipokines and cytokines were evaluated in blood and tissue. Results: Relative REE (REE per total body mass) was lower in women with AD compared with controls (P ¼ 0.007). Only lipomatosis (group) and total body mass were significant predictors of REE in forward stepwise regression (Po0.0001). Adipose interleukin (IL)-6 levels were elevated (P ¼ 0.03) and connective tissue was increased fourfold in lipomatosis compared with control tissue (P o0.0001). There was no difference in adipose tissue macrophages between groups; 30% of women with AD had MNG cells. Anti-inflammatory IL-13 levels were elevated (P ¼ 0.03), and cytokines important in the recruitment of monocytes, Fraktalkine (P ¼ 0.04) and macrophage inflammatory protein-1b (P ¼ 0.009), were significantly lower in the blood of women with AD compared with controls. Conclusions: The lower relative REE in women with AD compared with controls was associated with increased connective (non-metabolic) tissue in the lipomatosis, and inflammation, although underlying metabolic defects may be important as well. Understanding the pathophysiology and metabolism of lipomatosis in AD may contribute to a better understanding of metabolism in non-lipomatosis obesity.
Introduction
Dercum's disease or adiposis dolorosa (AD), first described in 1888 by Dr F Xavier Dercum, 1 is a syndrome whose hallmark is lipomatosis: painful fatty growths in subcutaneous fat that can involve large areas of the body from the head to dorsal foot. 2 The pain and fatigue associated with AD can be disabling 3, 4 especially when accompanied by signs and symptoms that affect most systems. 2 To date, the underlying pathophysiology remains unknown but metabolic, inflammatory, infectious and autoimmune components have been proposed. 5 Obesity is common among AD patients, 6 with some describing very rapid weight gain in a short period of time. One reason for persistent obesity is that 100% of individuals with AD are unable to lose mass from the lipomatosis with diet and exercise. 2 A survey of 110 individuals with AD showed a twofold higher prevalence of diabetes compared with the 2005 US population for ages 45-64 years for both low and high body mass index (BMI) groups, 2 suggesting an alteration in metabolism and insulin resistance in AD even in the absence of obesity. A number of case reports have shown metabolic impairments in individuals with AD. Conversion of oral oleic acid-1-
14
C to 14 CO 2 was decreased in two women with AD compared with controls suggesting a defect in fatty acid absorption or utilization. 7 In vitro, free fatty acid release was not suppressed from the lipomatosis of a single subject with insulin resistance and AD, when exposed to increasing concentrations of insulin or norepinephrine compared with non-lipomatosis fat. 8 In another case, excised lipomatosis fat converted glucose to neutral glycerides at a lower rate than normal fat. 9 Fagher et al. 10 also found lower heat production from lipomatosis in AD and a lower lipoprotein lipase level in lipomatosis that did not reach statistical significance. These data suggest that fat accumulation may be conferred in part by decreased metabolism in the lipomatosis fat. As both fat mass (FM) and muscle mass or fat-free mass (FFM) contribute significantly to resting energy expenditure (REE) in obesity, 11, 12 these data lead us to propose that REE would be lower in women with AD relative to total body mass (relative REE).
Qualitative reports on the histology of lipomatosis fat suggest that the lipomatosis contains normal fat cells, but increased dense connective tissue 13 and increased fibroblasts. 14 A possible explanation for the failure of the lipomatosis to decrease with weight loss could therefore be structural, wherein a majority of the lipomatosis is connective tissue. Alternatively, multi-nucleated giant (MNG) cells have been reported in the lipomatosis, 7, 15 which are formed by macrophages that are activated and proinflammatory. 16 These data suggest that inflammation-driven adipogenesis 17 could increase lipomatosis in AD, inhibiting fat loss. In this scenario, we would expect elevated inflammatory cytokines and/or adipokines in the lipomatosis. As systemic inflammation including elevations in interleukin (IL)-6, IL-1b and tumor necrosis factor (TNF)-a are associated with increased REE, 18, 19 and we predict a decreased relative REE in AD, we would also predict a lack of elevation of systemic inflammation. In addition to testing proinflammatory cytokines, such as IL-1b, IL-6, IL-8, TNF-a, we therefore were also interested in cytokines that would attract macrophages to form MNGs in the lipomatosis fat, such as monocyte chemotactic protein (MCP)-1, macrophage inflammatory protein (MIP)-1a and MIP-1b and the chemokine, Fractalkine, with the ability to attract monocytes, T cells and neutrophils 20, 21 and which is also thought to contribute to the maintenance of neuropathic pain, 22, 23 which may be important in AD. IL-13 was also of interest as it suppresses proinflammatory cytokines 24 and secreted Fractalkine (sFractalkine) 25, 26 and diet-induced obesity decreases visceral fat-associated IL-13 in mice. 27 In the current report, we examined REE by indirect calorimetry in 10 women with AD and 10 age, BMI, fat and weight-matched control women. Secreted and tissue adipokines, as well as blood lipid levels, were examined, as hypertriglyceridemia increases energy expenditure. 28 Connective tissue and macrophages were quantitated in the lipomatosis compared with control fat.
Materials and methods

Subjects
Subjects were recruited from advertisement on forums devoted to AD on the internet (http://health. groups.yahoo. com/group/Dercums_Disease/ and http://health.groups.yahoo. com/group/Dercums_Disease/) and through the National Organization for Rare Diseases Inc., website (http://www. rarediseases.org/research/clinicaltrials). Subjects had an earlier diagnosis of AD or were diagnosed (by KLH) after obtaining a history, performing an examination and obtaining a fat biopsy from affected tissue. Control subjects were recruited based on age, BMI and weight from a pool of women interested in research. All subjects were seen at the General Clinical Research Center at the University of California, San Diego. We certify that all the applicable institutional and governmental regulations concerning the ethical use of human volunteers were followed during this research. This study was approved by the Institutional Review Board at University of California, San Diego and all subjects consented to their participation.
Fat biopsy histology and immunohistochemistry
Fat biopsies were obtained from affected areas in five subjects and from matching sites in five controls using a 5-mm sidecutting needle. Lidocaine (1%) was infiltrated in a square field manner, and the biopsy was taken from the center of the field. The fat samples were placed in 10% neutral buffered formalin immediately after removal followed by 70% EtOH after 24 h, then placed in paraffin blocks and sectioned onto double-positive slides. 
Quantitative PCR
The mRNA levels were quantified in fat samples by subjecting cDNA to TaqMan PCR analysis, in triplicate, using the GeneAmp 5700 Sequence Detection System (Applied Biosystems, Foster City, CA, USA) as published earlier. 29 Predeveloped sequence detection reagents specific for human TNF-a, IL-1b, IL-6, IL-8 and IL-13 including forward and reverse primers, as well as a fluorogenicTaqMan FAM/ TAMRA-labeled hybridization probe were supplied as mixtures and were used at 0.8 ml/25 ml PCR. Variables presented are log transformed.
Dual X-ray absorptiometry
To relate REE to the differences in body composition between AD and controls, FM and FFM were measured by dual X-ray absorptiometry scan for whole-body composition on a Hologic Discovery W (Boston, MA) and analyzed using software QDR DICOM for Windows XP.
Indirect calorimetry
After 12 h of fasting, subjects rested in supine position in hospital beds for 15 min. Subsequently, pulmonary ventilation and gas exchange were measured for 20 min by indirect calorimetry (Deltatrac II Metabolic Monitor, Sensormedics, Yorba Linda, CA, USA) using the dilution principle. 30 
Results
Subjects
Characteristics of women with AD are shown in Table 1 . The average age for onset of AD was 32.1 ± 2.8 years, defined by palpable subcutaneous masses, adipose or fibro-adipose tissue by biopsy and signs and symptoms associated with AD. 2 Average duration of disease was 15.8 ± 3.8 years. The women with AD were matched to women without AD (control group) by age and body composition. There was no significant difference for age or height between women with AD and controls ( Table 2 ). All women were Caucasian. None of the subjects had thyroid disease or documented allergies. Two women with AD and two women in the control group had diabetes.
Body composition
There was no significant difference between groups for weight, BMI, or total or regional FM and FFM by dual REE in adiposis dolorosa KL Herbst et al X-ray absorptiometry (Table 2 ). There was also no significant difference in total trunk mass between women with AD and controls (50.6 ± 3.5 vs 47.4 ± 3.7 kg, respectively).
Resting energy expenditure
The respiratory quotient (RQ) between groups was not statistically different nor were rates for fat (107.9±16 and 100 ± 10 g min -1 ) or carbohydrate oxidation (42.4 ± 27.5 and
, respectively) for the AD and control group. There was no significant difference in unadjusted REE between groups; however, there was a significantly lower level of relative REE, that is, REE per body mass (kg), in women with AD compared with controls (Table 2 ). There was no significant difference between women with AD and controls, when simply dividing REE by FFM alone (32.2 ± 0.7 vs 34.3±1.2, respectively), but there was a trend toward significance for REE when dividing by FM alone (39.0±2.1 vs 48.5 ± 4.0, respectively; P ¼ 0.05). In simple correlation analysis, REE was correlated with total body mass, FM and FFM (Po0.001) but not percent FM or percent FFM. To determine the overall contribution of FM and FFM to the significant difference in relative REE between groups, we performed multiple regression analyses. In multiple linear regression models, there was a significant difference in REE in models adjusting for age, body mass (kg), FM and FFM, as well as percent FM and FFM (overall models Po0.0001; group Pp0.01, see Table 3 ). To determine which of the variables in the models contributed most to the difference in REE, we used a forward step regression model of REE. In this model, the overall model was significant (Po0.0001; adjusted R 2 ¼ 0.88) and significant predictors of REE included total body mass (Po0.0001) and group (P ¼ 0.006; AD vs control women). Although controls were matched for BMI and body mass to women with AD, the women with AD had a slightly higher BMI and total body mass than the control group ( Table 2) . As fat contributes to increased REE 11, 12 and, in our subjects REE significantly increased with BMI (r 2 ¼ 0.57; Po0.0001) and body mass (r 2 ¼ 0.84; Po0.0001), it was uncertain whether the difference in REE between women with AD and control subjects was driven by the slightly higher body mass in women with AD. Larger individuals consume more oxygen, and oxygen consumption increases with weight, called relative . VO 2 . 33 Based on weight, it might be predicted that relative . VO 2 would be higher in women with AD. The relative . VO 2 for women with AD, however, was significantly lower than the relative . VO 2 in the control group (Table 2 ) and the correlation of . VO 2 with weight was highly significant for both the groups (Figure 1 ). There was no significant difference in slope of the regression lines between women with AD and the controls (1.9±0.2 and 1.8±0.2 ml kg
À1
, respectively) ( Figure 1 ).
Histology
Collagen is seen as pink on H&E staining with associated fibroblasts whose nuclei and cell bodies are aligned (Figure 2 ). There was no significant difference between the number of macrophages in the lipomatosis from biopsy samples from women with AD (2.9±0.3) compared with adipose biopsy samples from control women (1.8 ± 0.3). We found MNG cells in three lipomatosis fat biopsy samples from women with AD (30%) and none in the control women.
Cytokines
Fat cytokines. There was a significantly higher level of IL-6 in fat from women with AD (1.5 ± 0.1) compared with control women (1.0 ± 0.08; P ¼ 0.03). There was no significant difference in the relative expression levels of (GAPDH normalized) MIP-1b (1. Blood cytokines. There was a significantly lower blood level of MIP-1b in women with AD compared with controls. There was also a trend toward higher levels of IL-13 and lower levels of Fractalkine in women with AD (Table 4 ). There were no significant differences between the two groups for leptin, adiponectin, plasminogen activator inhibitor-1, IL-1b, IL-6, IL-8, IL-10, MIP-1a, MCP-1 or TNF-a. To confirm the difference in MIP-1b, a larger group of women with AD (n ¼ 15) was compared with a control group (n ¼ 20). A significantly lower level of MIP-1b in women with AD compared with the control group persisted (83.5 ± 9.3 vs 146.2±16.4 pg ml
À1
; P ¼ 0.009). In addition, Fractalkine was significantly lower in women with AD than controls (21.6 ± 2.9 vs 97.2 ± 35.4 pg ml
; P ¼ 0.04), and IL-13 was significantly higher in women with AD than controls (31.1 ± 4.7 vs 17.9 ± 2.9 pg ml À1 ; P ¼ 0.03). No other significant differences in cytokines were found between the groups. There was no significant difference in BMI between the two larger subject groups (37.3±2.7 vs 34.6±1.3 kg m
À2
, respectively). There was a significant correlation for BMI and MIP1b in the control group, which was not found for the AD group. There was no significant correlation between Fractalkine or IL-13 and BMI.
Lipids. To evaluate whether the lipomatosis in AD affected lipid levels, we examined fasting lipid levels. There were no differences in lipids between the two groups (Table 4) . . The dark blue-stained septum consisting primarily of collagen that stains blue after trichrome staining in (a) is thin and juxtaposed by fat cells; small blood vessels containing red blood cells can also be seen. In (b), fat cells are found on either side of a blue-stained septum that is much wider and more complex than that seen in (a). P-value refers to between group analyses. 
Discussion
Adiposis dolorosa is a syndrome characterized by lipomatosis: painful masses of subcutaneous fat. Signs and symptoms from most body systems are altered in AD and contribute to disability in this syndrome. Case reports and other published data support a global decrease in metabolic function in the lipomatosis in individuals with AD. [7] [8] [9] [10] Our data show a lower relative REE in women with AD compared with matched controls. Although the standard method for evaluating relative REE has been to divide REE by FFM, in multiple studies of obese women, weight was the best 34, 35 or an equal 36 predictor
for REE suggesting that FM may uniquely contribute to REE beyond FFM, at least in obese women. 37 We, therefore, compared our groups by REE relative with FM, FFM and total body weight. In this study, we found that women with AD have significantly lower relative REE/total weight than women without AD matched for age, weight, and FM and FFM. Although the location of fat may alter the contribution of FM to REE, that is, women with abdominal obesity can have higher REE than women who are non-abdominally obese, 38 there was no difference in trunk or extremity fat or mass between women with AD and controls, suggesting a global type of obesity in both groups. These data, therefore, suggest that for similar locations and amounts of FM and FFM between women with and without AD, the tissue mass in women with AD may be less metabolically active. The lower relative . VO 2 in women with AD compared with controls in our study supports this hypothesis. In multiple regression analyses, there seems to be a difference in REE between women with AD and control women, that is not fully accounted for by total body mass, FM or FFM.
Our data show a fourfold increase in relatively metabolically inactive collagen compared with control adipose, suggesting that lipomatosis fat could be less metabolically active because of the increase in inert collagen tissue. However, the mass of collagen would have been adjusted for by weight in our analyses suggesting an underlying defect in cellular respiration (metabolism) to explain differences in REE between women with AD and controls. More comparisons are needed between areas of lipomatosis within individuals; however, there are no methods currently available to distinguish between normal and lipomatosis fat. The dual X-ray absorptiometry data in this study, although useful for imaging FM and FFM, cannot be used to distinguish between lipomatosis and normal fat. The majority of the lipomatosis fat also does not show up when performing other imaging techniques, including ultrasound, magnetic resonance imaging and computed tomography (data not shown). The lack of a consistent imaging modality for the painful fat also limits our ability to monitor treatment effectively except on a semi-quantitative and qualitative level.
It was surprising to us that IL-6 levels were slightly but significantly higher in the lipomatosis compared with controls as inflammation tends to increase REE. 18, 19 Whereas the number of macrophages were similar in fat between women with AD and controls, but that MNG cells were found in 30% of the women with AD suggests a need to test a larger volume of lipomatosis for macrophages that could be proinflammatory, producing elevated levels of IL-6 in individuals with AD. Elevated IL-6 levels in cultured cells from adipose tissue inhibited lipoprotein lipase, 39 which could explain one of the minor changes in metabolism found in the lipomatosis. 10 However, increased IL-6 levels are also associated with a marked loss of fat, 40 which is not associated with AD. 2 Larger numbers of biopsy samples are needed to evaluate other proinflammatory and antiinflammatory cytokines to determine further the complexities of metabolism in the lipomatosis. Lower levels of two chemokines, MIP-1b and Fractalkine were found in the blood of women with AD compared with controls, as well as a higher level of IL-13. The interaction among these immune regulators can possibly shed some light on the underlying pathophysiology of AD. Chemokines are a large family of small-molecular-weight proteins that have primary structure, CXC, CC, C and CX 3 C, where C,cysteine and X, signify other amino acids. Members of the CC chemokine subfamily, such as MIP-1b (also known as CCL-4) and MIP-1a (also known as CCL-3), whose presentation on the cell surface requires interaction with proteoglycans, are chemotactic for monocytes, subsets of lymphocytes 41 and natural killer cells. Fractalkine (CX 3 CL1)
is the only member of the CX 3 C-chemokine subfamily and has the ability to attract monocytes, T cells, and neutrophils. 20, 21 Fractalkine is membrane bound and can be shed as a soluble chemotactic form (sFractalkine) by proteolytic cleavage 42 subsequently binding to its receptor (CX 3 CR1) rapidly and firmly. 43 The tissue expression of Fractalkine and CX 3 CR1 are intriguing in relation to the chronic pain associated with AD, because they are constitutively expressed in the central nervous system. 20, 21 Fractalkine (CX 3 CL1) is the only member of the CX 3 C-chemokine subfamily and has the ability to attract monocytes, T cells and neutrophils. 20, 21 Initially, Fractalkine levels might be predicted to be elevated in association with the chronic pain of AD because of data showing decreased membrane-bound Fractalkine after spinal cord ligation (suggesting a release of sFractalkine), 44 and because prolonged release of Fractalkine is thought to contribute to the maintenance of neuropathic pain. 22, 23 However, CX 3 CR1 is upregulated after the development of neuropathic pain, 45 whereas Fractalkine levels remained unchanged, suggesting a shift from sFractalkine release to receptor-bound Fractalkine. The fact that CX 3 CR1 receptors are occupied by Fractalkine in neuropathic pain is suggested by blockage of the receptor with a Fractalkine receptor neutralizing antibody leading to attenuation of tolerance, hyperalgesia, allodynia and potentiation of acute morphine analgesia. 45 Therefore, CX 3 CR1
receptors, when occupied with Fractalkine, lead to the promotion of pain and resistance to opioid analgesia, similar to that seen in AD. 5 
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Another explanation for the low levels of the monocyte attractant, Fractalkine, as well as the low levels of another monocyte attractant chemokine, MIP-1b, in women with AD could be the higher levels of IL-13. Interleukin-13 is produced primarily by Th2 lymphocytes, B cells, mast cells, basophils, natural killer T cells and dendritic cells and its receptor is present on a broad range of cell types. 46 Along with IL-4, IL-13 is a central mediator in Th2 cytokine pathologies, which are typically associated with allergies, atopy, asthma, 47 helminth infections 48 and parasite-induced liver and lung fibrosis, 49 and is a primary cytokine involved in downregulation of cytotoxic T-lymphocyte-mediated tumor immunosurveillance. 50 IL-13 induces IgE class switching in B cells, 51 enhances monocyte/macrophage antigen-presentation ability, suppresses nitric oxide release from macrophages, 52 recruits eosinophils, 53 increases production of adhesion molecules such as vascular cell adhesion molecule-1, 54 and suppresses apoptosis in various cell types. 55 IL-13 suppresses LPS-induced production of proinflammatory cytokines 24 and relevant to this study, IL-13 is also a potent inhibitor of sFractalkine from human umbilical vein endothelial cells 25 and Staphylococcus aureus-induced MIP-1b production. 26 The elevated level of IL-13 in women with AD could therefore result in lower levels of Fractalkine and MIP1b. It is possible that IL-13 participates in the regulation of tissue macrophages in AD. Less metabolically active lipomatosis fat that attracts immune cells differently compared with normal fat could be one reason for the disparate levels of IL-13 between the two groups. Diet-induced obesity decreases natural killer T-cell populations in visceral fat, a major source of IL-13, leading to a decrease in Th2 adipose cytokine production (including IL-13) in wild-type mice. 27 As IL-13 is involved in parasitic infection, a parasitic cause for AD may also be considered. Overall, a cause for elevated IL-13 levels in these study subjects will depend on further evaluation of gene expression, immune cell identification and cytokine levels produced by lipomatosis and normal fat.
Conclusions
In addition to greater amounts of connective tissue in lipomatosis, and higher levels of IL-6 and MNG cells compared with control adipose tissue, our data suggest an underlying defect in cellular respiration to explain lower levels of REE in women with AD. Methods are needed to better visualize fatty growths in AD for correlation with metabolic parameters and blood cytokine levels. Understanding the metabolism of lipomatosis may contribute to a better understanding of non-lipomatosis obesity.
